Aims. The potential similarity of the powering mechanisms of relativistic SNe and GRBs allowed us to make a prediction that relativistic SNe are born in environments similar to those of GRBs, that is, ones which are rich in atomic gas. Here we embark on testing this hypothesis by analysing the properties of the host galaxy NGC 3278 of the relativistic SN 2009bb. This is the first time the atomic gas properties of a relativistic SN host are provided and the first time resolved 21 cm-hydrogen-line (H i) information is provided for a host of an SN of any type in the context of the SN position. Methods. We obtained radio observations with ATCA covering the H i line, and optical integral field unit spectroscopy observations with MUSE. Moreover, we analysed archival carbon monoxide (CO) and multi-wavelength data for this galaxy.
Introduction
The gas inflow from the intergalactic medium is predicted to be an important process providing the fuel for star formation (see e.g. Sancisi et al. 2008 , Spring & Micha lowski 2017 . It has been studied mostly from indirect diagnostics because compiling a sample of galaxies for which this process can be observed directly is difficult.
Based on the analysis of gas properties in long gammaray burst (GRB) host galaxies, we have recently proposed that the progenitors of GRBs are preferentially born when a galaxy accretes fresh gas from the intergalactic medium (Micha lowski et al. , 2016 . This is based on a high abundance of atomic gas in GRB hosts and its concentration close to the GRB position (Arabsalmani et al. 2015; Micha lowski et al. 2015) . This may also imply that a fraction of star formation is fuelled directly by atomic, not molecular, gas. The majority of star formation in the ⋆ Reduced images as FITS files are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/XXX/AXX Universe is fuelled by molecular gas, as shown by many observations (e.g. Carilli & Walter 2013; Rafelski et al. 2016) . However, H i-fuelled star formation has been shown to be theoretically possible (Glover & Clark 2012; Krumholz 2012; Hu et al. 2016) and it was supported by the existence of H i-dominated, star-forming regions in other galaxies (Bigiel et al. 2008 (Bigiel et al. , 2010 Fumagalli & Gavazzi 2008; Elmegreen et al. 2016) . If the connection between GRBs and recent inflow is confirmed, this will allow the use of GRB hosts to study gas accretion and/or H i-fuelled star formation.
On the other hand, relativistic supernovae (SNe) without detected γ-rays are thought to be powered by similar engines to those of GRBs, but with the jet failing to break out from the exploding star (Paragi et al. 2010; Lazzati et al. 2012; Margutti et al. 2014; Chakraborti et al. 2015; Milisavljevic et al. 2015) . The potential similarity of this powering mechanism to that of GRBs allowed us to make a prediction that relativistic SNe are born in environments similar to those of GRBs, that is, those rich in atomic gas. Here we embark on testing this hypothesis by analysing the properties of the host of the relativistic SN 2009bb. Spectral energy distribution of the NGC 3278 (red points). The Grasil and Magphys models are shown as black solid and blue dotted lines, respectively. For comparison we show the models for the hosts of GRB 980425 (Micha lowski et al. 2014b ) and 111005A (Micha lowski et al. 2018b ), scaled to approximately match near-IR fluxes. SN 2009bb was discovered by the galaxy-targeted survey, the CHilean Automatic Supernova sEarch (CHASE; Pignata et al. 2009a ) on 21 March 2009 (Pignata et al. 2009b ) at the position of 10:31:33.8762, −39:57:30 .022 (Bietenholz et al. 2010 ) and was a broad-line type-Ic supernova (Stritzinger et al. 2009 ). Radio and optical behaviour, and the relativistic ejecta velocity of SN 2009bb were very similar to those of low-z GRBs, especially GRB 980425 (SN 1998bw; Soderberg et al. 2010; Bietenholz et al. 2010; Pignata et al. 2011) .
SN 2009bb exploded within a spiral galaxy type Sa (de Vaucouleurs et al. 1991 ) NGC 3278 (ESO 317-G 043, PGC 031068) at a redshift of 0.009877 ± 0.000123 (Strauss et al. 1992) . It has an inclination to the line of sight of 41 deg (Makarov et al. 2014 ).
1 The SN 2009bb explosion site was reported to have super-solar metallicity (Levesque et al. 2010c) .
The objectives of this paper are: i) to provide the first resolved measurement of the atomic gas properties of a relativistic SN host, ii) to test whether these properties are consistent with a recent inflow of atomic gas from the intergalactic medium, and iii) to derive the properties of 1 http://leda.univ-lyon1.fr/ledacat.cgi?NGC%203278. NGC 3278 to assess the possible implications regarding the nature of the progenitor of SN 2009bb.
We use a cosmological model with H 0 = 70 km s
Mpc −1 , Ω Λ = 0.7, and Ω m = 0.3, so SN 2009bb at z = 0.009877 is at a luminosity distance of 42.6 Mpc and 1 ′′ corresponds to 203 pc at its redshift. We also assume the Chabrier (2003) initial mass function (IMF), to which all star formation rate (SFR) and stellar masses were converted (by dividing by 1.8) ′′ radius (solid histogram) and of the dominant H i region (see Fig. 3 ) within an aperture of 30 ′′ radius (dotted histogram).
tion and analysis were done using the Miriad package (Sault & Killeen 2004; Sault et al. 1995 ). An intermediate frequency (IF) was centred at the H i line in the ATCA CABB 'zoom' mode with 32 kHz resolution. We subtracted the continuum to obtain the continuum-free data, and made the Fourier inversion with the Brigg's weighting robust parameter of 0.5, inverting five channels at a time to get a data cube with a velocity resolution of 33 km s −1 . We then made a CLEAN deconvolution down to ∼ 3σ, after which we restored the channel maps with a Gaussian beam with the size of 36 × 28 ′′ and a position angle of 19 deg (from the north towards east). We obtained the rms of ∼ 1.5 mJy at 33 km s −1 channels. We used a 80
′′ diameter aperture to measure the fluxes for the entire host, and 30 ′′ for the H i peak (see Fig. A.1 ).
CO
We used the CO(1-0) and CO(2-1) data obtained with the Swedish European Southern Observatory (ESO) Submillimeter Telescope (SEST) by Albrecht et al. (2007) . The beam sizes are 45 and 24 ′′ , respectively. We estimated the molecular gas mass from the CO(1-0) line luminosity assuming the Galactic CO-to-H 2 conversion fac-
. For completeness we also estimated the molecular mass from the CO(2-1) line using the flux conversion S CO (1−0) 
. However, as we possess the CO(1-0) measurement, we do not use the mass based on CO(2-1) in the analysis.
Optical integral field spectroscopy
We obtained the observations of NGC 3278 using the Multi Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010) at the Very Large Telescope (VLT) on 15 May 2015 (proposal 095.D-0172(A), PI: H. Kuncarayakti, see Kuncarayakti et al. 2018 for other results from this programme). The data acquisition and reduction was similar to that described in Krühler et al. (2017) . The total integration time was 0.5 hr. The seeing was around 1". The data covers a region of 60 ′′ × 60 ′′ and the wavelength range 0.475-0.93 µm. To reduce the data, we used the ESO MUSE pipeline 2 (Weilbacher et al. 2014) in the standard manner. The datacube was corrected for the Milky Way extinction E B−V = 0.085 mag (Schlafly & Finkbeiner 2011) . As in Galbany et al. (2014) , in order to obtain the galactocentric distance of each pixel, we used the code developed by Krajnović et al. (2006) . It analyses the velocity field of the galaxy to obtain the position angle (∼ 156 deg for NGC 3278) and the axes ratio (∼ 0.64). We also derived the inclination to the line of sight of ∼ 50 deg, close to the value of 41 deg given by Makarov et al. (2014) . In this way the maps of the deprojected distances were obtained and used for radial dependence of estimated properties.
Broad-band photometry
We used the photometry for NGC 3278 listed in the NASA/IPAC Extragalactic Database (NED). This includes optical (B, R; Lauberts & Valentijn 1989), near-infrared (J, H, K; Jarrett et al. 2000; Skrutskie et al. 2006) , midand far-infrared (12, 25, 60, 100 µm; Sanders et al. 2003) , and radio (1.4, 0.843 GHz; Condon et al. 1998; Mauch et al. 2003) data. Additionally we used the 617 MHz flux reported in Soderberg et al. (2010) We also used the data from the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010) . We used the fluxes from the AllWISE Source Catalog 3 measured in elliptical apertures with semi-major axes of 31.60-33.83 ′′ (w[F]gmag, F ∈ 1, 2, 3, 4), which we list in Table 1 .
Finally, we used the VLA 1.4 GHz continuum data from Condon et al. (1996) . The image has 18
′′ resolution allow- ing us to investigate the spatial distribution of star formation.
SED modelling
For the host galaxy emission, we applied the spectral energy distribution (SED) fitting method detailed in Micha lowski et al. (2008 Micha lowski et al. ( , 2009 Micha lowski et al. ( , 2010a Micha lowski et al. ( ,b, 2012 Micha lowski et al. ( , 2014a , see therein a discussion of the derivation of galaxy properties and typical uncertainties), which is based on 35 000 templates from the library of Iglesias-Páramo et al. (2007) plus some templates from Silva et al. (1998) and Micha lowski et al. (2008) , all of which were developed using Grasil 4 (Silva et al. 1998) . They are based on numerical calculations of radiative transfer within a galaxy, which is assumed to be a triaxial axisymmetric system with diffuse dust and dense molecular clouds in which stars are born.
The templates cover a broad range of galaxy properties from quiescent to starburst, and span an A V range from Table 3 . Grasil results from the SED fitting. Notes.
(1) 8-1000 µm infrared luminosity. (2) Star formation rate from LIR (Kennicutt 1998) . (3) Star formation rate from SED modelling. (4) Star formation rate from UV emission (Kennicutt 1998) . (5) Specific star formation rate (≡ SFRSED/M * ). (6) Stellar mass. (7) Dust mass. (8) Dust temperature. (9) Mean dust attenuation at V -band. (10) Mass-weighted age. Table 4 . H i properties of NGC 3278. 0 to 5.5 mag. The extinction curve ( Fig. 3 of Silva et al. 1998 ) is derived from the modified dust grain size distribution of Draine & Lee (1984) . The star formation histories are assumed to be a smooth Schmidt-type law (i.e. the SFR is proportional to the gas mass; see Silva et al. 1998 , for details) with a starburst (if any) on top of that, starting 50 Myr before the time at which the SED is computed. There are seven free parameters in the library of Iglesias-Páramo et al. (2007): the normalisation of the Schmidt-type law, the timescale of the mass infall, the intensity of the starburst, the timescale for molecular cloud destruction, the optical depth of the molecular clouds, the age of the galaxy, and the inclination of the disk with respect to the observer.
We also used Magphys 5 (Multi-wavelength Analysis of Galaxy Physical Properties; da Cunha et al. 2008) , which is an empirical, physically-motived SED modelling code that is based on the energy balance between the energy absorbed by dust and that re-emitted in the infrared. We used the Bruzual & Charlot (2003) stellar population models and adopted the Chabrier (2003) IMF.
Similarly to Grasil, in Magphys two dust media are assumed: a diffuse interstellar medium (ISM) and dense stellar birth clouds. Four dust components are taken into 5 www.iap.fr/magphys. account: cold dust (15-25 K) , warm dust (30-60 K), hot dust (130-250 K), and polycyclic aromatic hydrocarbons (PAHs). A simple power-law attenuation law is assumed.
Results

Integrated stellar properties
The best-fit SED models are presented in Fig. 1 compared with the host galaxies of GRB 980425 (Micha lowski et al. 2014b ) and 111005A (Micha lowski et al. 2018b ). The derived galaxy properties are listed in Tables 2 and 3 . Our derived SFR is consistent with that reported in Levesque et al. (2010c) .
In terms of stellar mass, NGC 3278 is a typical galaxy with M * ∼ 3 × 10 10 M ⊙ , close to the knee of the stellar mass function of local spiral galaxies (Moffett et al. 2016) . However, the specific SFR (sSFR ≡ SFR/M * ) of 0.08-0.14 Gyr −1 is approximately two to three times higher than the main-sequence value of 0.04-0.05 Gyr at this redshift and mass (Speagle et al. 2014) . Hence, NGC 3278 is at the higher end of the main sequence towards starburst galaxies. The stellar mass of NGC 3278 is at least an order of magnitude higher than those of low-z GRB hosts (Savaglio et al. 2009; Castro Cerón et al. 2010; Vergani et al. 2015; Japelj et al. 2016; Perley et al. 2016b , Table 5 . CO fluxes, luminosities, and molecular gas masses of NGC 3278, based on the data from Albrecht et al. (2007) . Notes.
(1) CO transition. (2) Full width at half maximum of the telescope (green circles on Fig. A.1) . (3) Integrated flux. (4) Line luminosity using Eq. 3 in Solomon et al. (1997) . (5) Line luminosity in solar luminosity units. (6) Molecular hydrogen mass assuming CO-to-H2 conversion factor αCO = 5M⊙/(K km s −1 pc 2 ). In order to calculate MH 2 from the 2-1 transition, we assumed L Fig. 4 . Continuum 1.4 GHz contours (red; from Condon et al. 1996) of NGC 3278 on the optical rband image of the galaxy (Pignata et al. 2011) . The lowest contour is at 1 mJy beam −1 and the step is 2 mJy beam −1 . The position of SN 2009bb is indicated by the blue circle. Radio continuum emission peaks close to this position. The beam size of the radio data is shown as the grey circle. The image is 120 ′′ × 120 ′′ . North is up and east is left.
but see an atypical massive and quiescent host presented by Rossi et al. 2014 ). Both models return quite high levels of visual dust attenuation (A V ∼ 1-2 mag), which is evidenced by red optical colours, similar to those of the GRB 111005A host; however, that galaxy is nearly edge-on, whereas NGC 3278 has an inclination of 41 deg, so the amount of dust is much higher. Indeed the dust mass of NGC 3278 is approximately two orders of magnitude higher than that of the GRB 111005A host (whereas the stellar mass of the latter is less than a factor of ten smaller). The dust mass estimates of NGC 3278 with Grasil and Magphys differ by an order of magnitude, but the lack of long-wavelength data above 100 µm means that this parameter is very poorly constrained. A factor of two difference is due to different mass absorption coefficients κ and the rest is due to differences in assumed temperatures and distributions of dust components.
Gas properties
The H i fluxes at each frequency element were determined by aperture photometry with the aperture radius of 80 ′′ for the entire galaxy and of 30 ′′ for the H i peak. When we, instead, fit a two-dimensional (2-D) Gaussian with the size of the beam at the position of the H i peak, we obtained the H i flux of ∼ 1.30 ± 0.17 Jy km s −1 , consistent with the aperture estimate of ∼ 1.53 ± 0.17 Jy km s −1 . The spectra are shown in Fig. 2 . Gaussian functions were fitted to them and the parameters of the fit are reported in columns 2-4 of Table 4 . The H i emission map derived from the collapsed cube within 2σ from this fit (dotted lines in Fig. 2 ) is shown in Fig. 3 . This range was also used to obtain integrated H i emission (F int in Jy km s −1 ) directly from the spectra (not from the Gaussian fit, which is not a perfect representation of the line shape). The line luminosity (L ′ HI in K km s −1 pc 2 ) was calculated using Eq. 3 in Solomon et al. (1997) and transformed to M HI using Eq. 2 in Devereux & Young (1990) . For the HI peak the flux corresponds to the neutral hydrogen column density of ∼ (1.67 ± 0.19) × 10 21 cm 2 .
The H i first moment map (velocity field) is shown on the right panel of Fig. 3 . The large beam does not allow detailed velocity analysis, but the field does not resemble clearly a rotating disk (positive velocities are on both sides of regions with negative velocities). On the other hand, the H i spectrum exhibits a double-peaked profile characteristic of a rotating disk, but the significance of this feature is low. Therefore it is likely that only a fraction of atomic gas is within a rotating disk giving rise to this double-peaked profile.
We detected and resolved the H i emission of the target, so that we are able to identify the main concentration of atomic gas. This is the first time H i data for a relativistic SN host is provided and the first time resolved H i information is analysed for the host of an SN of any type in the context of the SN position (non-resolved results were presented in Galbany et al. 2017 ).
The emission is not concentrated near the galaxy centre, but towards the SN position (the peak is ∼ 21" [∼ 4 kpc], i.e. one beam, south of the SN position). This concentration is responsible for ∼ 32±5% of the total integrated flux. The remaining emission probably comes from a rotating disk (giving rise to the double-peaked H i profile in Fig. 2) . It seems that the sensitivity of our data allowed us to clearly detect only the strongest concentration of H i, leaving the emission from the disk difficult to identify.
Given limited uv-coverage, we investigated the issue of whether we resolve out a significant fraction of the H i flux. Our observations in the ATCA 6B configuration are limited by a largest recoverable scale of ∼ 105" (Table 1 .5 in the ATCA Users Guide 6 , a more optimistic estimate based on the ratio of the observed wavelength and the shortest baseline of 214 m gives ∼ 200"). This is larger than the optical extent of the galaxy (diameter of ∼ 60"×40"), so our observations are unlikely to resolve out a lot of H i emission. Even if the atomic gas disk is a few times larger than the optical disk (which is not uncommon) and we do resolve out some of the extended emission, then our conclusion is still valid that the strongest atomic gas concentration is located away from the galaxy centre towards the SN position. A similar strong H i concentration away from the galaxy centre was detected for the GRB 980425 host by the Giant Metrewave Radio Telescope (GMRT; Arabsalmani et al. 2015) .
However, it is unlikely that we resolve out a significant fraction of the total emission, because our measurement agrees with the single-dish flux. Courtois et al. (2011) and Roth et al. (1994) provided low resolution Green Bank Telescope and Parkes H i data for NGC 3278 (as a part of a larger survey of local galaxies, so they did not discuss that this was a relativistic SN host). They reported the linewidth at a flux level that is 50% of the mean flux averaged in channels within the wavelength range enclosing 90% of the total integrated flux, W m50 = 292 ± 11 and 295 km s −1 , respectively. This is slightly higher than the Full width at half maximum (FWHM) given in Table 4 because the Gaussian function does not represent the line profile accurately. Indeed the Gaussian FHWM reported by Roth et al. (1994) of 225 km s −1 is consistent with our result. Our estimate of the integrated flux (which does not involve assumptions on the line shape), agrees with 5.9 ± 0.5 Jy km s −1 and 6.9 ± 3.3 Jy km s −1 reported by Courtois et al. (2011) and Roth et al. (1994) , respectively.
According to the SFR-M HI scaling relation (Eq. 1 in Micha lowski et al. 2015) , NGC 3278 with SFR ∼ 3 M ⊙ yr −1 (Tables 2 and 3) should have log(M HI /M ⊙ ) ∼ 10, 0.7 dex higher than the measured value. The scatter of this relation is significant (0.38 dex 1σ), so this is not unusual, but we conclude that NGC 3278 exhibits low atomic gas content for its SFR.
The CO fluxes, luminosities, and the resulting molecular gas masses are presented in Table 5 . The molecular gas mass based on the CO(2-1) line is a ∼ 0.15 dex lower than that based on the CO(1-0), but this is very likely due to the beam size at the CO(2-1) transition of 24 ′′ being too small to cover the entire galaxy (Fig. A.1 ), so the corresponding CO(2-1) flux is underestimated. Therefore, only the estimates based on the CO(1-0) line are used in the following analysis.
Using the total infrared luminosity of L IR ∼ 5×10 10 L ⊙ (Tables 2 and 3) , we estimate the star formation effi-
. This is one of the highest numbers among local spirals with ∼ (48 ± 7) L ⊙ /(K km s −1 pc 2 ) derived by Daddi et al. (2010, their Fig. 13) . Similarly, the relation between SFR, CO luminosity, and metallicity presented in Hunt et al. Table 6 . Linear fit of the properties as a function of distance from the galaxy centre (Fig. 7) in the form A + B 1 × dist arcsec or A + B 2 × dist kpc . The variables and the units are as in 
, whereas the measured value is ∼ 1.5-2 times higher, 5-6.5 × 10
, indicating low CO luminosity for its SFR and metallicity. Hence, the SN 2009bb host galaxy has also a few times lower molecular gas content than its SFR would suggest. Molecular gas deficiency was also claimed for some GRB hosts (Hatsukade et al. 2014; Stanway et al. 2015b; Micha lowski et al. 2016 Micha lowski et al. , 2018a , but we note that this result does not hold for the host galaxy of GRB 020819B, for which the initial host identification was proven to be wrong; see Perley et al. 2017 ). On the other hand, normal molecular gas properties were found in other GRB hosts (Arabsalmani et al. 2018) , with the current status that the sample on average does not deviate from other star-forming galaxies (Micha lowski et al. 2018a) .
We also used the relation between the metallicity, atomic gas, and molecular gas for dwarf galaxies provided by Filho et al. (2016, their Sect. 4 (Table 4) and average metallicity (Table A. 1, last row using the calibration of Dopita et al. 2016) , the SN 2009bb host should have log(M H2 /M ⊙ ) ∼ 8.85, approximately four times lower than the actual CO estimate (Table 5) . NGC 3278 would be consistent with this relation if it had a much lower metallicity of 12+log(O/H) ∼ 8.4 (half solar where solar metallicity is 12 + log(O/H) ∼ 8.66 Asplund et al. 2004) .
We find that the SN 2009bb host has a molecular gas mass fraction of M H2 /(M H2 + M HI ) ∼ 57%, which is high, but within the range for other star-forming galaxies (a percentage of a few to a few tens; Young et al. 1989; Devereux & Young 1990; Leroy et al. 2008; Saintonge et al. 2011; Cortese et al. 2014; Boselli et al. 2014) , and of hosts of SNe of different type (Galbany et al. 2017 ). Figure 4 shows the 1.4 Ghz continuum image from Condon et al. (1996) . The emission is lopsided and the peak of the emission is close to the position of SN 2009bb.
Resolved ISM and stellar properties
Based on the MUSE observations, the distribution of Hα flux, equivalent width (EW), SFR, and the velocity field is shown in Fig. 5 and the distribution of dust extinction and metallicity is shown in Fig. 6 . We derived SFRs of each spaxel from the Hα fluxes using the calibration of Kennicutt (1998) The properties of Hα-detected star-forming regions were extracted in apertures with radius of 0.5 ′′ (∼ 100 pc) from these maps, shown in Fig. 7 as a function of a deprojected galactocentric distance (and in Fig. A .2 using measured instead of deprojected distances), and listed in Table A.1. They were visually selected in the Hα map down to approximately 10 −16 erg s −1 cm −2 . This corresponds to the Hα luminosity of ∼ 2 × 10 37 erg s −1 at the redshift of NGC 3278, which is comparable to the luminosity of H ii regions in the Milky Way and nearby galaxies (e.g. Crowther 2013 ). The first row in Table A .1 is the SN 2009bb position and the second is the centre of the galaxy. The last row shows the sum of the individual regions for extensive properties (Hα flux and SFR) and the average for the intensive properties (equivalent width, extinction, and metallicities). The parameters of the linear fit of the properties as a function of distance from the galaxy centre are presented in Table 6 . The SN region is one of the most star-forming regions within its host in terms of both SFR and sSFR. (Table 6 ) are shown as solid lines. The solar metallicity of 12 + log(O/H) ∼ 8.66 (Asplund et al. 2004 ) is marked as a dashed line.
lower than the value of 12+log(O/H) ∼ 8.96±0.10 reported by Levesque et al. (2010c) . This is because they used the [NII]/[OIII] method of Kewley & Dopita (2002) , which was shown to result in systematically higher metallicities than the methods we employed (Kewley & Ellison 2008) . Indeed using the fluxes reported by Levesque et al. (2010c) for the SN region, we obtained 12 + log(O/H) ∼ 8.68 and ∼ 8.63, for the O3N2 and N2 methods of Pettini & Pagel (2004) , consistent with our results. The velocity field derived from the Hα line (Fig. 5) is typical for a rotating disk galaxy.
Discussion
In summary, NGC 3278 has an enhanced SFR given its stellar mass (close to the starburst regime above the main sequence, Sect. 4.1), low atomic and molecular gas masses given its SFR (Sect. 4.2), and the SN region is one of the most star-forming regions (Figs. 7  and 4) . The atomic gas distribution is not centred on the optical galaxy centre, but instead around a third of atomic gas resides in the region close to the SN position (Fig. 3) . These properties are similar to the H i concentrations close to the GRB positions Arabsalmani et al. 2015) and to the claimed molecular deficiency of GRB hosts (Hatsukade et al. 2014; Stanway et al. 2015b; Micha lowski et al. 2016 ). This was interpreted in Micha lowski et al. (2015 Micha lowski et al. ( , 2016 as an indication that a very recent inflow of metal-poor atomic gas is responsible for enhanced SFRs, and, in turn, for the birth of the GRB progenitors. This is likely the case for SN 2009bb. The fact that we executed the high-resolution ATCA H i observations of a relativistic SN host and obtained a similar unusual distribution suggests that both explosion classes prefer similar environments. This needs to be tested with a larger sample of SN hosts observed at H i. The recent inflow of gas for NGC 3278 is also supported by the relatively low metallicity measured in the southwestern part of the galaxy (Fig. 6) , close to the H i peak.
The H i velocity field also points at the external origin of at least some of the atomic gas. The H i velocity field (Fig. 3) is not consistent with a rotating disk, as opposed to the Hα velocity field (Fig. 5) . Moreover, the values of velocities derived from the H i and Hα lines are not consistent at the same positions. For example, close to the SN position the Hα line gives ∼ 200 km s −1 , whereas the H i line results in ∼ 50 km s −1 . SN 2009bb exploded close to the region with the highest SFR density and the lowest age, as evident from the high Hα EW (Figs. 5 and 7) , similarly to other SN Ib/c (Galbany et al. 2014 ) and SN II (Galbany et al. 2016a ). Following Kuncarayakti et al. (2013a,b) we converted the Hα EW of the SN site of ∼ 300Å to the stellar population age of ∼ 5.5 Myr (assuming instantaneous burst and standard Salpeter 1955 IMF) by comparing to single stellar population models from Starburst99 (Leitherer et al. 1999 ). This timescale corresponds to the lifetime of a ∼ 36 M ⊙ massive star. Although it is not straightforward to infer this as the initial mass of the SN 2009bb progenitor, the fact that such a young age is observed at the explosion site supports the view that the progenitor may have been one of such massive stars. This also means that in the scenario of the gas inflow presented above, it must have begun only several Myr ago, consistent with the timescale presented in Micha lowski et al. (2016) for a GRB host.
The metallicity of the site of SN 2009bb (12 + log(O/H) ∼ 8.77 or ∼ 1.3 solar using the calibration of Dopita et al. 2016; Table A.1 ) is close to the highest values found for other SN Ib/c (Thöne et al. 2009; Leloudas et al. 2011; Kuncarayakti et al. 2013a Kuncarayakti et al. , 2018 Galbany et al. 2016b ) and II-L (Kuncarayakti et al. 2013b ). On the other hand, GRBs are usually found in environments with much lower metallicities (Sollerman et al. 2005; Christensen et al. 2008; Modjaz et al. 2008; Thöne et al. 2008 Thöne et al. , 2014 Han et al. 2010; Levesque et al. 2010a Levesque et al. , 2011 Krühler et al. 2015 Krühler et al. , 2017 Schulze et al. 2015; Japelj et al. 2016; Izzo et al. 2017; Vergani et al. 2017) . However, there is a growing sample of GRBs in solar or super-solar environments (Prochaska et al. 2009; Levesque et al. 2010b; Krühler et al. 2012; Savaglio et al. 2012; Elliott et al. 2013; Schulze et al. 2014; Hashimoto et al. 2015; Schady et al. 2015; Stanway et al. 2015a; Micha lowski et al. 2018b) , which can be explained by recent overcoming of the observational bias against dust, resulting in the discovery of massive and metal-rich hosts (Hjorth et al. 2012; Perley et al. 2015 Perley et al. , 2016a . This metallicity information may mean that relativistic explosions signal a recent inflow of gas (and subsequent star formation), and their type (GRBs or SNe) is determined by either i) the metallicity of the inflowing gas, so that metal-poor gas results in a GRB explosion and metal-rich gas 7 in a relativistic SN explosion without an accompanying GRB (see also Modjaz et al. 2011; Leloudas et al. 2010 Leloudas et al. , 2011 , or ii) by the efficiency of gas mixing (efficient mixing for SN hosts leading to quick disappearance of metal-poor regions), or iii) by the type of the galaxy (more metal-rich galaxies would result in only a small fraction of star formation being fuelled by metal-poor gas). Stott et al. (2014) interpreted flat metallicity gradients as a sign of a recent inflow of metal-poor gas, because these gradients correlate with sSFR and the distance above the main sequence (their Figs. 3 and 4) . For sSFR and SFR/SFR MS of NGC 3278, their relation predicts the metallicity gradient of ∼ −0.02 and −0.01 dex kpc −1 , respectively, using the N2 calibrator. This is similar to the −0.019 dex kpc −1 measured for NGC 3278 using this calibrator (Table 6 ). Moreover, the gradients of −0.06 and −0.03 dex kpc −1 for the hosts of GRB 980425 ) and 060505 (Thöne et al. 2008) , respectively, are also consistent with the trends of Stott et al. (2014) , using the sSFR values tabulated in Micha lowski et al. (2015) . This therefore needs to be investigated with a larger sample of SN and GRB hosts. If these galaxies turn out to have steeper metallicity gradients, this would support the scenario that the gas inflow is of higher metallicity or smaller in quantity, so it does not flatten the metallicity gradient.
Finally, the distributions of the Hα emission (Fig. 5) , of the optical emission, and especially the radio continuum emission (Fig. 4) of NGC 3278 are clearly lopsided, with the western (right) side more pronounced and rich in starforming regions. Such asymmetry may be a sign of interaction (Sancisi et al. 2008; Rasmussen et al. 2006 ), so we looked at the large-scale environment of NGC 3278 using the NASA/IPAC Extragalactic Database (NED). We found a galaxy group designated 0509 in Tully et al. (2008) at coordinates 10:27:10.4, −39:52:58, ∼ 51 ′ or ∼ 600 kpc west in projection from NGC 3278 with z = 0.009493 (similar to the redshift of NGC 3278, shifted only by ∼ 100 km s −1 ). The distance of 600 kpc may be too high to influence NGC 3278 that strongly (e.g. the clear sign of interaction reported by Rasmussen et al. 2006 concerns a galaxy ∼ 70 kpc from the group). However the existence of the galaxy group in the vicinity of NGC 3278 indicates that indeed there should be a significant supply of ambient intergalactic gas available for inflow onto this galaxy.
The caveat of this work is that SN 2009bb was discovered in a galaxy-targeted survey. Such surveys were shown to result on average in higher metallicities and masses than un-targeted surveys (Sanders et al. 2012) . Therefore analysis of the gas content of a larger sample of relativistic SN hosts from both targeted and un-targeted surveys is needed. We note, however, that hosts of broad-line Ic SN from both targeted and un-targeted surveys do include objects with metallicities around solar (Sanders et al. 2012) , similar to NGC 3278.
Conclusions
We obtained 21 cm hydrogen line (H i) and optical integral field unit spectroscopy observations of NGC 3278, the host galaxy of the relativistic SN 2009bb. This is the first time the atomic gas properties of a relativistic SN host have been provided and the first time resolved 21 cm-hydrogen-line (H i) information is analysed for the host of an SN of any type in the context of the SN position. The atomic gas distribution of NGC 3278 is not centred on the optical galaxy centre, but instead around a third of the atomic gas resides in the region close to the SN position. This galaxy has a few times lower atomic and molecular gas masses than predicted from its star formation rate (SFR). Its specific star formation rate (sSFR ≡ SFR/M * ) is approximately two to three times higher than the main-sequence value, placing it at the higher end of the main sequence towards starburst galaxies. SN 2009bb exploded close to the region with the highest SFR density and the lowest age, as evident from a high Hα EW, corresponding to the age of the stellar population of ∼ 5.5 Myr. Assuming this timescale was the lifetime of the progenitor star, its initial mass would have been close to ∼ 36 M ⊙ . The gas properties of NGC 3278 are consistent with a recent inflow of gas from the intergalactic medium, which explains the concentration of atomic gas close to the SN position and the enhanced SFR. Super-solar metallicity at the position of the SN (unlike for most GRBs) may mean that relativistic explosions signal a recent inflow of gas (and subsequent star formation), and their type (GRBs or SNe) is determined by either i) the metallicity of the inflowing gas, so that metal-poor gas results in a GRB explosion and metal-rich gas (for example a minor merger with an evolved galaxy or re-accretion of expelled gas) in a relativistic SN explosion without an accompanying GRB, ii) the efficiency of gas mixing (efficient mixing for SN hosts leading to quick disappearance of metal-poor regions), or iii) the type of the galaxy (more metal-rich galaxies would result in only a small fraction of star formation being fuelled by metal-poor gas). Fig. 3 with additional indication of the spatial coverage of other observations. Green solid and dotted circles correspond to the FWHM of the CO(1-0) and CO(2-1) observations from Albrecht et al. (2007) . The green square shows the position of the MUSE observations. Blue dotted circles indicate the apertures used to extract the H i spectrum of the entire galaxy (larger than the image) and the H i peak. 
